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Clearly, the brain has yet to yield up many if not most
of its secrets regarding synaptic plasticity, but the ability
of a timing-based mechanism to explain system level
plasticity with physiologically plausible firing patterns
strongly suggests that this is the right track. Time will
tell!
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Birth of a Synapse: presynaptic and postsynaptic molecules at glutama-
Not Such Long Labor tergic central synapses may be surprisingly short.
The authors combined time lapse imaging of newly
formed presynaptic specializations in living neurons
with retrospective immunolabeling to follow the differen-Synapses are specialized junctions between cells where
tiation of single synaptic contacts at defined times afterthe presynaptic cell accumulates synaptic vesicles and
formation. Functional presynaptic specializations wererelease machinery and a postsynaptic cell concentrates
identified by stimulation-driven uptake into and releaseneurotransmitter receptors and signaling machinery.
from synaptic vesicles of the amphipathic fluorescentPrevious studies of synaptogenesis using population
dye FM 4-64. Newly formed FM 4-64 puncta could beanalyses of fixed tissue have suggested that it may take
assigned a time of birth within a time frame of minutesdays to weeks to form this junction. In this issue of
by repeated loading and unloading of the dye at variousNeuron, Ziv and colleagues (Friedman et al., 2000) pro-
time intervals throughout which the cell was imaged.vide evidence from dynamic analyses of cultured hippo-
campal neurons that the time required to concentrate Using this approach, Ziv and colleagues determined
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how soon after axodendritic contact a functional presyn- of the presynaptic synaptic vesicle protein VAMP/syn-
aptobrevin can be stabilized at contact sites within anaptic specialization could be formed. Neurons were
transfected with enhanced green fluorescent protein hour after the axon has reached its target (Ahmari et al.,
2000). Similarly, .20% of PSD-95 postsynaptic puncta(EGFP) to trace their axons in the crowded axonal net-
work, and time lapse microscopy of the EGFP-labeled turned over within 24 hr, and individual puncta appeared
and disappeared within hours (Okabe et al., 1999). Oneaxon contacting a dendrite was combined with FM 4-64
imaging. FM 4-64 puncta were observed within 25±30 mechanism that may underlie rapid synaptogenesis is
the use of preassembled packets of presynaptic andmin of contact, indicating that functional presynaptic
specializations developed within this time frame after postsynaptic components in building a synapse. Preas-
sembled packets containing synaptic vesicle compo-initial axodendritic contact (see figure).
Cells in which new puncta had been assigned a time nents, calcium channels, and amphiphysin, a molecule
involved in the endocytosis of synaptic vesicles, haveof birth were retrospectively immunolabeled to deter-
mine the sequence of accumulation of synaptic markers been visualized moving along axons without contact
with targets (Ahmari et al., 2000). Similarly, preassem-at single glutamatergic synapses. The presynaptic
marker was Bassoon, a cytoskeletal matrix protein of bled packets of postsynaptic components consisting of
clusters of transmitter receptors, in some cases withexcitatory and inhibitory synapses that is enriched in
the presynaptic active zone (tom Dieck et al., 1998). scaffolding molecules, have been reported at extrasyn-
aptic sites. Thus, the following postsynaptic proteinsSince Bassoon is not directly associated with synaptic
vesicles, its accumulation provides another index of can form clusters without contact with a presynaptic
specialization: the AMPA receptor in spinal cord neu-presynaptic differentiation besides the accumulation of
synaptic vesicles shown by FM 4-64 labeling. The post- rons; the NMDA receptor and PSD-95 in hippocampal
neurons; and glycine receptor, GABAA receptor, andsynaptic markers were PSD-95/SAP90 (a scaffolding
protein for the postsynaptic density that binds to the gephyrin in spinal cord neurons (O'Brien et al., 1997;
Rao et al., 1998; LeÂ vi et al., 1999). The availability ofNMDA-type glutamate receptor), the NR1 subunit of the
NMDA receptor, and the GluR1 subunit of the AMPA- preassembled clusters of presynaptic and postsynaptic
components may facilitate rapid synapse formation.type glutamate receptor. The detection of clusters of
these three proteins can be used as an indicator of Numerous studies on populations of neurons fixed at
different stages indicate that synaptogenesis proceedspostsynaptic glutamatergic differentiation. Ziv and col-
leagues found that in 1±2 hr the new synapses had for weeks in culture and in vivo (Purves and Lichtman,
1985; O'Brien et al., 1997; Rao et al., 1998), while fromthe same molecular composition as preexisting ones.
Bassoon clustered at 95% of newly formed synapses the results of Ziv and colleagues it takes only 1±2 hr to
form an individual synapse. How do we account forat the earliest time interval after the FM 4-64 puncta
were first observed, suggesting that it was associated this difference? Prior to the onset of synapse formation,
neurons must grow axons and dendrites, form contacts,with presynaptic sites before or at the same time as
these sites became capable of recycling synaptic vesi- and achieve a maturation status (e.g., enough contact
and/or inductive factor) where synaptogenesis is fa-cles. At most of the new synapses, the clustering of the
postsynaptic componentsÐPSD-95, GluR1, and NR1Ð vored. Moreover, in looking at populations rather than
individual contacts, there may be large asynchroniesfollowed Bassoon accumulation within another 45 min,
suggesting that presynaptic differentiation may precede across the population in the ability to form synapses.
Ziv and colleagues analyzed cells in the second weekpostsynaptic differentiation during synaptogenesis. Com-
paring the AMPA- and NMDA-type receptors at newly in culture, a stage at which the majority of axonal and
dendritic growth has occurred and most of the synapsesformed synapses, both receptors appeared with a simi-
lar time course, with 60% of newly formed synapses are being formed, so they may have bypassed some of
the early maturational events required to support rapidhaving both AMPA and NMDA receptors, 24% having
AMPA receptors alone, and 16% having NMDA recep- synaptogenesis. One question raised by these results
is whether neurons at earlier stages of development ortors alone. Thus, within 1±2 hr after axodendritic contact,
a functional presynaptic site forms and may induce the in the mature animal form synapses as rapidly.
A major question in synaptogenesis has been whichsubsequent postsynaptic accumulation of scaffolding
molecules and glutamate receptors. The combination partner initiates the process. Previous evidence that
presynaptic terminals induce postsynaptic differentia-of actively recycling synaptic vesicle cluster, active zone
component, postsynaptic scaffolding protein, and post- tion comes from the neuromuscular junction (Sanes and
Lichtman, 1999). In muscle cultures spontaneous aggre-synaptic receptors that is seen at these sites constitutes
the basic package necessary for synaptic transmission, gates of acetylcholine receptor can form, but coculture
and contact with ingrowing motoneuron axons inducesso we may conclude that it takes only 1±2 hr to make
a synapse. the formation of receptor clusters de novo at the contact
site. Similarly, although spontaneous clusters of glycineThe current study provides strong evidence for rapid
synaptogenesis by combining analysis of presynaptic and GABAA receptors can form in motoneurons cultured
alone, the postsynaptic localization of these receptorsand postsynaptic molecules at defined stages after the
first appearance of a functional presynaptic specializa- is induced by coculture and contact with only the appro-
priate innervation (LeÂ vi et al., 1999). The observation oftion. The total time course of synapse formation of 1±2
hr is very short compared to analyses looking at popula- Ziv and colleagues that the presynaptic marker Bassoon
accumulates at nascent synapses earlier than PSD-95/tions of fixed cells but is consistent with previous dy-
namic imaging of either presynaptic or postsynaptic GluR1/NR1 could be used as evidence for the hypothe-
sis that presynaptic specializations induce postsynapticcomponents in hippocampal neurons. Thus, aggregates
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differentiation in target cells at neuron±neuron syn- and indicates that neither activity nor the previous exis-
apses. However, the postsynaptic markers used in this tence of NMDA receptors at a synapse is necessary
study, although good indicators of postsynaptic differ- for insertion of GluR1-containing AMPA receptors into
entiation, may not be the earliest postsynaptic mole- synapses.
cules to cluster at the contact. A chronological analysis In conclusion, Ziv and colleagues have elegantly de-
cannot answer questions about synapse induction in signed experiments that allowed them to follow a syn-
the absence of molecular candidates for this function apse from birth through its earliest stages of develop-
but may be very useful in sorting out their roles once ment. This approach has provided insights into the time
such molecules are found. Two recently described frame of synaptogenesis and the sequence of addition
candidates that may have a role in inducing synapto- of synaptic components at glutamatergic synapses. A
genesis are Narp and neuroligin. Narp (neuronal activity± similar strategy applied to other synapse types will show
regulated pentraxin) is a secreted immediate-early gene whether we can generalize from these results. Future
localized to both presynaptic and postsynaptic sites at studies using this strategy and combining it with post-
excitatory synapses on GABAergic cells. Narp-express- synaptic imaging may lead to further exciting insights
ing HEK293 cells can induce AMPA-type glutamate re- into the life and times of a synapse.
ceptor clustering at extrasynaptic sites in spinal cord
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phology or combine it with calcium imaging of postsyn- Regulating Receptor Levels
aptic sites through their maturation. One maturational at a Developing Synapse
event at glutamatergic synapses is suggested to be the
developmental conversion of synapses containing only
NMDA receptors (silent synapses) to ones that contain
As in any good marriage, open communication is criticalboth NMDA and AMPA receptors through an activity-
when pre- and postsynaptic cells commit to building adriven NMDA receptor±dependent process. The use-
synapse. After the initial flirtation of growth cone andfulness of their strategy is apparent from the observation
target cell, the hard work of synaptogenesis begins. Theof Ziv and colleagues that GluR1 can be inserted rapidly
presynaptic cell constructs an active zone and clustersinto new synapses at the same time as or before the
synaptic vesicles filled with neurotransmitter. The post-NMDA receptor, during constant blockade of NMDA and
synaptic cell localizes neurotransmitter receptors adja-AMPA receptors. This finding is consistent with previous
studies in vitro (Rao et al., 1998; Gomperts et al., 1999) cent to these presynaptic release sites. A lively interplay
